A preliminary study of using magnetic resonance angiography to detect occult proximal thrombi in patients who had hip arthroplasty was done. Despite the presence of susceptibility artifact caused by metallic components, diagnostic visualization of thigh vessels was made in a preliminary series of 15 patients. Confirmation of all previously documented (by contrast venogram via dorsal foot vein cannulation or Doppler study) proximal thrombi was made in all 15 patients. One patient had a thrombus in the contralateral extremity that had been undetected by Doppler study; 4 additional pelvic thrombi occurred in 3 patients, which had been undocumented previously. Because magnetic resonance angiography is noninvasive, requiring no contrast agent, it has advantages over conventional venography to detect occult proximal thrombi. New fast spin echo sequences are discussed that enhance visualization of regional anatomic structures adjacent to metallic prosthetic components. Emphasis was placed on assessing the posterior soft tissue envelope in patients having recurrent dislocations after total hip arthroplasty, despite acceptable component alignment. Pre-Recent advances in magnetic resonance (MR) imaging of the pelvis and hip include MR angiography and fast spin echo techniques. Magnetic resonance angiography is a noninvasive imaging technique that provides angiographic depiction of blood vessels based on flow characteristics. The technique is totally noninvasive, requiring no intravenous contrast agent or arterial catheterization, and presents distinct advantages over conventional angiography to evaluate the deep vascular system of the pelvis.
Using this technique, depiction of vascular anatomy is based on flow characteristics. There is improved visualization of intrapelvic vessels, specifically the internal iliac branches, which are suboptimally visualized by conventional venography (via dorsal foot vein cannulation) or color Doppler ultrasound.
The authors' initial experience using MR venography to detect occult deep venous thrombosis involved a prospective, blinded study in patients with acute, displaced acetabular fractures. 13 Preliminary data from the application of MR venography to pa- 
MATERIALS AND METHODS

Magnetic Resonance Venography
Fifteen patients who had total hip arthroplasty had MR imaging I' m documented popliteal or femoral vein (cither superficial or common femoral) thrombi. diagnosed by Doppler ultrasound or contrast venography. Ten patients had preliminary contrast venography, 5 initial Doppler ultrasound examination. The interval between Doppler or contrast venograin and MR venogram ranged between 0 and 6 days (average, 2 days). Ten of the patients studied had undergone primary total hip arthroplasty, and 5 had revision arthroplasty.
All patients met the safe inclusion criteria for MR imaging, including lack of cardiac pacemakers, certain valvular or otologic implants, cerebral aneurysm clips, or recent (<8 weeks) vena cava filter placement.
All MR images were obtained with a I .5 Tesla Magnet (Signa) system (General Electric, Milwaukee, WI). Initial TI weighted (repetition time [TR]/echo time [TE], msec 500/25) images were obtained to assess for hyperintense thrombus. Vascular sequences were done with 2 dimensional he-of-flight techniques, using a flip of 60°, TR of 33-47 msec, and 128 x 256 matrix at 1 excitation. Axial images were obtained at 2-mm increments, Irom the infrarenal inferior vena cava to the subtrochanteric femora, using a body coil. All images were obtained with first order gradient moment nulling flow compensation.
Magnetic resonance images were reviewed by a single radiologist (HP) examining specifically the deep venous system of the thigh and pelvis.
The criteria for diagnosis of acute deep venous thrombosis was based on an intravascular area of low signal intensity surrounded by high signal intensity, the latter of which represents flowing blood, or by complete absence of flow within the vessel, usually accompanied by hyperintense thrombus in the spin echo T I weighted images. Signal dephasing at areas of bifurcation, caused by flow turbulence, was not considered indicative of thrombus. The localization and extent of vascular signal loss caused by artifact from the metallic components, when present, was noted.
Lower extremity venograms were obtained under fluoroscopic guidance by injecting SO to 75 cc of iohexol at 240 to 300 mg Vml, via cannulation of a dorsal vein of the foot, using a 23-gauge butterfly needle. Tourniquets were applied at the ankle and occasionally at the knee (at the performing physician's discretion). Additional injection of contrast agent was done to clarify areas of questionable flow artifact versus definitive thrombosis. For optimal imaging of the pelvic veins, the patient was placed in the Trendelenburg position to promote flow of contrast into the pelvis. All venograms were evaluated independently by a second radiologist, blinded to the results of the MR images.
Color 
Hip Dislocation After Total Hip Arthroplasty
After having total hip arthroplasty, 18 patients who had at least 2 episodes of dislocation were imaged using fast spin echo techniques. All patients had satisfactory component alignment on anteroposterior and lateral plain radiographs. Seventeen patients in this group had instability after primary total hip arthroplasty; I patient had dislocation after revision arthroplasty. The mean age of these patients at the time of arthroplasty was 64.5 years (range, 35-79 years). The interval from hip arthroplasty to first episode of dislocation was a mean of 19.4 weeks (range, 2-56 weeks). The interval from last dislocation to the date of imaging was 33.3 weeks (range, 2-422 weeks). The images obtained from this group of patients with dislocating total hip arthroplasties Magnetic Resonance Imaging of the Pelvis 225
were compared with the results of a group of eight patients with nondislocating total hip arthroplasties. Of the 18 patients in the dislocation group, 7 had a stable, well-functioning total hip arthroplasty on the contralateral side that served as a comparison. In addition, 1 patient with a stable unilateral total hip arthroplasty in whom symptoms of extrinsic sciatic nerve compression were suspected had MR imaging and was included in the comparison group. Magnetic resonance sequences included images obtained in the axial plane, using the transverse measurement between the greater trochanters as the appropriate field of view, which ranged between 30 and 34 cm, depending on patient size. The specific sequences were axial fast spin echo, with an 8 echo train; TR 500 msec/TE 17 msec (Ef); 5 12 x 256 matrix at 2 excitations; and slice thickness of 7 mm with no interslice gap. All images were obtained with body coil. Additional axial images were obtained with a TR 4000 msec/TE 120 (Ef) msec, 7-mm slice thickness with no interslice gap, and 256 x 192 matrix at 2 excitations.
Additional coronal images were obtained with a TR 5000/TE 17 (Ef) msec, 6-mm slice thickness with no interslice gap, 256 x 256 matrix at 2 excitations, and a 16 echo train. All images were reviewed to assess the soft tissue envelope, including the short external hip rotators and the anterior and posterior pseudocapsules.
RESULTS
Deep Venous Thrombosis
In all 15 patients, despite the presence of metallic prosthetic components, consistent and clear visualization of thigh vessels was made (Fig 1) . This was corroborated by MR venography, which identified all previously documented (by venogram or Doppler study) femoral thrombi. Because both proximal thighs were imaged simultaneously, the nonoperative side also was evaluated. One patient demonstrated a l .2-cm thrombus in the contralateral (nonoperative) thigh that had gone undetected by a prior Doppler study. In addition, 1 patient had a questionable thrombus on conventional venography in a duplicated superficial femoral vein. The validity of the thrombus was placed into question be- cause of inflow artifact. Subsequent MR venography confirmed the thrombus in the superficial femoral vein, and discovered an additional thrombus in the external iliac vein (Fig 2) . Most importantly, in 3 patients, MR venography showed 4 additional pelvic thrombi ( 3 in the external iliac vein; 1 in the common iliac vein) that previously were undocumented.
In the pelvis, variable segments of signal loss, ranging from 2 to 6 cm, were seen adjacent to the acetabular components, particularly on the reformatted images. The latter was most apparent in the 5 revision hips. capsule was present but markedly thinned: and in 3 patients, it was frankly disrupted (Fig 3) . Four patients had mild to moderate edema or hematoma or both in the surrounding musculature caused by the more recent dislocation. Fourteen of the 18 patients studied had moderate to severe asymmetric atrophy of the external rotator muscles on the affected side. The anterior pseudocapsule was visualized in all patients.
An intact posterior soft tissue envelope was identified in the control group, which included the contralateral, unaffected side in those patients with bilateral hip arthroplasty and the patient who had no history of dislocation (Fig 4) . 
Dislocation After Total Hip Arthroplasty
In all patients who had dislocation, the posterior pseudocapsule appeared abnormal. In 10 patients, the posterior pseudocapsule was absent; in 5 patients, the posterior pseudo- 
DISCUSSION
The diagnosis of deep venous thrombosis has been made using a variety of imaging techniques, including contrast venography, impedance plethy smography, radioiodinated fibrinogen scintigraphy, indium-11 1 labeled platelet scintigraphy, and color Doppler ultrasound. The most widely used techniques include contrast venography and Doppler ultrasound.
Contrast venography, widely accepted as the imaging gold standard, allows for anatomic depiction of the veins of the lower extremities. With dorsal foot vein cannulation, opacification of the pelvic veins is variable and often limited, usually because of inflow dilution of contrast by unopacified internal iliac branches. Visualization of internal iliac branches by contrast venography requires direct femoral vein puncture with selective catheterization of the hypogastric veins. Contrast injected distally must reflux against the flow stream to opacify veins of the internal iliac di~tribution.~ In addition to the invasiveness of the technique, other potential risks include adverse reactions to iodinated contrast medium, potential soft tissue damage caused by inadvertent contrast extravasation, and venous thrombosis.',* Moreover, the dose of ioniz- ing radiation is to be considered for all procedures done under fluoroscopic guidance.
Ultrasound techniques, particularly duplex Doppler studies, also have been used to detect venous thrombosis, and are both noninvasive and generally widely available. Some authors describe relatively high sensitivities (as much as 100%) in depicting proximal thrombi,s but the methodology of these studies has been questioned.' Rigorously designed studies suggest that the sensitivity of ultrasound for proximal thrombosis detection in asymptomatic high risk patients is considerably lower (38%), with moderately good specificity (92%) and poor positive predictive value (26%).7 Strict attention to scanning technique is essential, making it highly operator dependent.4.7 Ultrasound imaging is limited in detecting the deep venous system of the pelvis,4,16 particularly in the postoperative patient or patient with trauma, because of pain, guarding, and the presence of bowel ileus, which causes reflection of the sound wave and limited visualization of vascular anatomy.
Time-of-flight techniques take advantage of the contrast between the high signal intensity of flowing, unsaturated but fully magnetized protons from blood and the low signal intensity of saturated stationary tissue. Individual axial images are acquired, which then are stacked by a computer algorithm into projected images that simulate a conventional angiogram ( Fig 5) . Patent flow is denoted by increased signal intensity, afforded by fully magnetized but unsaturated protons of flowing blood. A concatenated or traveling saturation pulse, placed outside the imaging field of view, effectively eliminates arterial flow.
Magnetic resonance angiography has been used in previous comparative studies to detect deep venous thrombosis. 1 0~6 A prospective comparison of MR to contrast venography by Evans et a110 reported sensitivity and specificity in the thigh of loo%, with 100% sensitivity and 95% specificity in the pelvis. Using contrast venography as a gold standard, Car- In a recent study, the authors reported on the use of MR veiiography to detect occult deep venous thrombosis in patients with acute displaced acetabular fractures.l3 Twenty-four asymptomatic thrombi were identified by MR imaging in 15 of 45 (33%) patients. Magnetic resonance venograms were compared with contrast venography, and 14 of 24 (58%) thrombi noted on MR images could not be seen with contrast venography, typically because of location in the deep pelvic veins, where visualization is limited by conventional techniques without direct venous femoral vein puncture. Eight patients had inferior vena cava filters placed on MR findings alone, resulting in a therapeutic management change in 18% of the patients. There were no clinically apparent pulmonary emboli. The authors concluded that MR imaging was superior to contrast venography to detect deep venous thrombosis in patients with acetabular fractures.
As with any other imaging technique, the accuracy is limited by familiarity with artifacts. Time-of-flight techniques distinguish arterial flow from venous flow only by flow direction. Flowing blood is subject to turbulence and diastolic backflow phenomenon, which result in spin dephasing and saturation by the traveling saturation pulse, respectively,3 simulating intraluminal pathology. Extrinsic compression of venous structures may simulate thrombosis on reformatted images, thus the importance of interpreting the individual axial images from which the former are obtained.
Because this study did not include direct femoral vein catheterization, the deep pelvic thrombi discovered on MR imaging could not be verified by contrast venography. Given the high correlation between contrast and MR venography in the thigh, however, the authors felt confident that the pelvic thrombosis noted on MR imaging was present. They believe the detection and management of internal iliac thrombosis is clinically important, because symptomatic pulmonary embolism and positive lung scintigraphy have been documented in the face of negative bilateral lower extremity contrast venograms or duplex scanning."
At the authors' institution, the cost of MR venography of the thighs and pelvis is approximately $200 more than bilateral lower extremity contrast venography; MR venography has the advantages of being noninvasive, and allowing for direct visualization of the deep pelvic veins. An MR venogram of the pelvis is considerably less expensive than the alternative: a contrast pelvic venogram with direct femoral vein cannulation and selective pelvic vein catheterization. If, however, one is not concerned about the deep pelvic vascuhture after total hip arthroplasty, the duplex Doppler study, as done by an experienced sonographer, may serve as an adequate screening tool for calf and thigh thrombi and is less expensive than MR venography.
The variable segments of MR signal loss adjacent to the acetabular components, noted in the revision hips in this study, were most apparent when imaging stainless steel orthopaedic plates and screws, and nontitanium hip implants. Stainless steel, as opposed to titanium, produces more susceptibility artifact, probably more because of the shape of the implant rather than its ferromagnetic properties: because most prosthetic components are made from nonferromagnetic material. 15 The most widely used vascular sequences employ gradient echo techniques, which are highly susceptible to magnetic field inhomogeneities, including the presence of prosthetic component and suture materials. Fast spin echo techniques reduce magnetic susceptibility effects by using additional 180" refocusing pulses, reducing echo spacing and spin dephasing. Diminished susceptibility artifact using fast spin echo techniques has been described in patients with orthopaedic spine instrumentation.17 The second portion of the preliminary study used nonangiographic fast spin echo techniques to evaluate the soft tissue structures surrounding a hip prosthesis.
The preoperative localization of the iliac vessels has been a problem for revision total hip arthroplasty with intrapelvic migration of components or extravasated intrapelvic cement. Traditionally, standard arteriography or venography was necessary to visualize the vessels adequately. Currently, however, if one needs to assess the proximity of vessels to intrapelvic protruded prosthetic components or extravasated cement, but not the presence or absence of thrombosis, it is not necessary to do vascular MR sequences ( Fig 6) . Fast spin echo techniques provide multiplanar, accurate depiction of regional anatomy without the severe streak or beamhardening artifact seen in CT images.
In addition to the visualization of vascular structures, this same MR technique allows evaluation of the remaining soft tissues surrounding the implants. The complication of postoperative dislocation after total hip arthroplasty is a well-recognized occurrence.12.18 Although component malposition, incorrect myofascial tension, bony or prosthetic impingement caused by reduction in hip offset, and lack of compliance have been implicated,6 the exact cause remains elusive in many cases. 18 The role of the soft tissue envelope surrounding a hip arthroplasty in affording hip stability is not clear. Robinson et all4 found an alarming 7.5% incidence of hip dislocation when using the posterior hip approach compared with the lateral transtrochanteric approach. In this study, the authors did not attempt repair of either the capsule or external rotators during hip closure, and were among the first investigators to suggest that soft tis-sue reconstruction may be beneficial in improving hip stability. Investigators have since reported on a method of soft tissue reconstruction using capsular and external rotator reattachment during primary total hip arthroplasty via the posterior approach, which significantly reduced their incidence of dislocation (Sculco TP, Moran MC: Posterior soft tissue reconstruction in primary total hip arthroplasty. Presented at the annual meeting of the American Academy of Orthopaedic Surgeons, Anaheim, CA 199 1 ). Although soft tissue reconstruction may be of benefit in the short term, Coventry' had implicated the deficiency or laxity of the soft tissues surrounding a total hip prosthesis as a factor in late hip dislocation, thereby questioning its role in hip stability. Unfortunately, the difficulty in resolving this argument has been finding methods to assess the soft tissues adequately about a prosthesis, which before was not possible.
The results of the authors' preliminary study group showed consistent absence of any well-defined posterior pseudocapsule; patients in the study group showed an indistinct soft tissue envelope, often with marked attenuation or frank disruption of the external rotators. The results suggest that in this selected group of patients, the absence of any supporting soft tissue structures may be responsible, in part, for the observed recurrent instability. Of note, the authors' findings are preliminary, and need to be contrasted to a matched cohort group of nondislocators who presumably have a well-defined posterior soft tissue envelope. In this limited control group, they have noted a relatively intact posterior soft tissue envelope. The ability to visualize and assess the integrity of these structures may shed further light onto the problem of recurrent instability after total hip arthroplasty.
CONCLUSIONS
Magnetic resonance venography is superior to conventional contrast venography to de-tect deep venous thrombosis, largely because of its ability to detect intrapelvic thrombi. The lack of ionizing radiation, avoiding the potential risks of contrast agents, and the noninvasive nature of MR venography present further advantages.
The ability to detect proximal thigh thrombi after total hip arthroplasty, despite the presence of a prosthesis, is of great interest. Further study of a larger cohort is warranted, particularly regarding the iliac veins after revision arthroplasty is done, and with a variety of prosthetic components. Because of the cost of the procedure, it may be more applicable to those settings where the diagnosis of thrombosis is questioned when more traditional screening tools (ultrasound or contrast venography) are used.
Use of fast spin echo MR techniques allows for improved cross-sectional depiction of soft tissue structures adjacent to metallic implants. This may be valuable in evaluating the periprosthetic tissues of patients who have recurrent dislocation in whom no other definitive cause is established. In addition, it would allow for better visualization of the periprosthetic intrapelvic vasculature before revision total hip arthroplasty is done. Newer software and pulse sequence developments should improve image quality and anatomic detail.
